Pulmonary arterial hypertension is a condition associated with raised right heart pressures and subsequent remodelling of the right atrium and ventricle with relative preservation of left heart function. There is a high incidence of arrhythmias including atrial fibrillation, atrial flutter and atrioventricular nodal re-entrant tachycardia. Despite recent advances in medical therapy for pulmonary arterial hypertension arrhythmias continue to have a high morbidity and mortality. Treatment includes medical therapy, cardioversion and catheter ablation.
Background
Pulmonary hypertension is a haemodynamic state defined as a mean pulmonary artery pressure greater than 25 mmHg whilst the patient is at rest. It is not a single entity and has multiple causes. The causes of pulmonary hypertension are sub-classified into five diagnostic categories; pulmonary arterial hypertension (PAH), pulmonary hypertension due to left heart disease, pulmonary hypertension due to lung disease or hypoxia, chronic thromboembolic pulmonary hypertension and a final multifactorial group. These clinical groups are organised on the basis of shared pathological mechanisms and response to treatment [1] .
PAH may be due to many causes but the common factor is that the rise in pulmonary pressures is mediated by vascular remodelling within the vessel wall of the pulmonary artery [2] . In patients with PAH the right ventricle needs to produce much higher pressures than in the general population in order to generate a pressure gradient across the pulmonary circulation and maintain adequate flow. This results in remodelling of the right ventricle with relative preservation of left ventricular function. Initially there is compensatory right ventricular hypertrophy with both the right ventricular wall thickness and right ventricular mass significantly increased [3, 4] . In patients with more advanced PAH both systolic and diastolic right ventricular volumes are increased with a decrease in right ventricular ejection fraction [3] [4] [5] [6] . In severe PAH both systolic and diastolic right ventricular function is reduced and stroke volumes are significantly lower resulting in right heart failure [3] [4] [5] [6] .
Review
Cohort studies following groups of patients with either idiopathic PAH, all forms of PAH or a combined group of PAH and chronic thromboembolic pulmonary hypertension patients have shown a prevalence of arrhythmias of around 15-20% in world health organisation class III and IV PAH patients [7] [8] [9] [10] . Between these different patient populations there are consistently high rates of all supraventricular arrhythmias including atrial fibrillation (AF), atrial flutter and atrioventricular re-entrant tachycardia (AVNRT). Interestingly these studies have shown a similar distribution of the types of arrhythmias seen with approximately 40% of patients having atrial fibrillation, 40% flutter, 10% atrial tachycardia and 10% atrioventricular nodal re-entrant tachycardia [7] [8] [9] . In a study of patients with congenital heart disease and confirmed pulmonary hypertension due to the Eisenmenger reaction the majority were in sinus rhythm at the start of the study with only 2% of patients in atrial fibrillation. During the 5 year follow up period arrhythmias were seen in 13% of patients, however, the nature of the arrhythmia was not specified [11] . In a separate study 9% of patients with congenital heart disease and confirmed pulmonary hypertension due to the Eisenmenger reaction developed atrial fibrillation or flutter during follow up, it is interesting to note that the median follow up period during this study was 31 years [12] .
The evidence for ventricular arrhythmias in PAH is more limited although studies have shown a prolonged QT interval and an increased frequency of ventricular ectopics. [13] In a cohort of patients with the congenital heart disease and the Eisenmenger reaction there was evidence of more sustained ventricular arrhythmias with 5% of patients demonstrating ventricular tachycardia although the demonstration of ventricular tachycardia was not associated with sudden cardiac death [12] . In a retrospective analysis of 3110 patients with PAH over 3 years in a multicentre study 513 patients died, and of these 17% were due to sudden and unexpected causes. Approximately one quarter of the patients who died underwent cardio-pulmonary resuscitation and of these patients ventricular fibrillation was seen in 8% of cases [14] .
There is also some evidence of sinus and atrioventricular node dysfunction in the PAH population. At the initial screening of a cohort of 51 untreated patients with PAH two patients had sinus bradycardia, and a further 6 patients had 1 st degree atrioventricular heart block, with one patient requiring a dual chamber pacemaker for higher degree heart block. The mean PR duration in this cohort was 180 ± 50 ms [15] .
Studies looking at arrhythmias in PAH have defined the incidence and prevalence of arrhythmias in a population of patients PAH but have not made a comparison with a matched cohort of apparently healthy individuals [8, 16] . The incidence and prevalence of arrhythmias quoted from studies of the general population are not age and sex matched with studies of patients with PAH and may include people with other cardiac comorbidities [17, 18] . This makes comparison of the rates of arrhythmias in PAH with apparently healthy individuals difficult and liable to underestimate the increase in arrhythmias due to the effect of PAH, however, some inferences can be made.
The approximately 20% prevalence of arrhythmias in the studies described above is in marked contrast to those within the general population which suggest a much lower prevalence of all forms of supraventricular arrhythmias at only 0.23% [17] .
Predictors for the development of an arrhythmia in PAH include a poor functional status, increased right atrial and right ventricular size, increased right atrial pressure, raised pulmonary vascular resistance, increased BNP, increased bilirubin and a lower cardiac output [9, 10] .
Human imaging studies have demonstrated a high incidence of fibrosis within the right ventricle of patients with PAH [19] . In those patients with demonstrable fibrosis in the right ventricle there is a poor outcome although there is no evidence to link this directly to arrhythmias [19] . Animal studies have also shown remodelling in the right ventricle with increased fibrosis, myocardial fibre disarray and alterations in the ion channels, connexins and calcium handling proteins critical for impulse generation and propagation [20] .
Taken together both the human and animal studies point to the fact that as PAH develops there is progressive remodelling, particularly in the right atrium that promotes the formation of arrhythmias.
A comparison of the relative distribution of the different types of arrhythmias seen in the PAH population with the general population shows that the ratio of atrial flutter:AF cases is approximately 1:5 in the general population whereas in the PAH populations it is close to 1:1 [7] [8] [9] [10] 18] . It is perhaps not surprising that atrial flutter is disproportionately more prevalent in patients with PAH. The generation of typical atrial flutter depends on an anatomical substrate which is located within the right atrium. Within this circuit both an increase in the length of the circuit and a slowing of conduction time will promote the generation and maintenance of typical atrial flutter. As described above the both right atrial pressure and right atrial dimensions are predictors of developing and arrhythmia [9] . In addition to structural remodelling electrophysiological assessment of a population of patients with PAH but no evidence of arrhythmias has shown slowing of conduction in the right atrium. These changes may provide the substrate necessary for the maintenance of atrial flutter [21] .
It is also notable that there is a high proportion of AVNRT with no cases of accessory pathway mediated tachycardia (i.e. atrioventricular re-entrant tachycardia) in PAH patients in two of the cohort studies described above [7, 8] . This suggests that AVNRT is due to remodelling in response to PAH rather than due congenital abnormalities in conduction. Although AVNRT results in a tachycardia it is caused by a re-entrant circuit located within this AV node. Maintenance of the circuit is dependent on the balance between the speed of conduction and the refractory periods of the fast and slow pathways within the AV node [22] . Remodelling within the AV node leading to either an increase or decrease in the conduction velocity or refractory period will alter the balance between these factors and could therefore promote the generation of AVNRT. There are no studies designed to elucidate which of these factors are affected in PAH.
As described above pulmonary hypertension can be caused by raised left heart pressures with 'back-pressure' transmitted to the pulmonary artery and a subsequently raised right heart pressures. Raised post capillary pressures in the lung imply that the increased pressure within the pulmonary artery is a result of increased pressure within the left atrium. This may be as a result of systolic or diastolic left ventricular dysfunction or valvular heart disease [1] . The development of pulmonary hypertension secondary to any form of left heart disease is associated with poor outcomes regardless of the aetiology of the left sided heart disease.
Left atrial size has been shown to be correlated with left atrial pressure across a range of conditions affecting the left heart including ischaemic and non-ischaemic cardiomyopathy, mitral valve disease and aortic valve disease [23] . An increase in left atrial size predicts poor cardiovascular outcomes including the development of atrial fibrillation [23] . In addition to this the presence of atrial fibrillation predicts the presence of pulmonary hypertension and reduction in right ventricular function in patients with a reduced left ventricular ejection fraction [24] . These findings suggests a direct role for raised left atrial pressures and size in the generation of atrial arrhythmias but also demonstrates that raised right heart pressures coexist with these changes in the left atrium. There is no direct evidence to elucidate the role that raised right heart pressures may play in the generation of arrhythmias in patients in whom pulmonary hypertension is a result of left sided heart disease. The increase rates of atrial arrhythmias could simply be as a result of more extensive remodelling within the left atrium but may also point to the development of raised pulmonary pressures and subsequent remodelling within the right atrium.
Patients with significantly impaired left ventricular function and heart failure due to both idiopathic dilated cardiomyopathy and ischaemic cardiomyopathies are at an increased risk of sudden cardiac death secondary to ventricular arrhythmias. There are multiple mechanisms that contribute to the generation of these arrhythmias including scar formation, fibrosis, ion channel remodelling, alteration of calcium handling and alterations of cell:cell coupling [25] . These mechanisms are well described within the left ventricle however there is less information with regards to the secondary effects on the right ventricle due to the development of pulmonary hypertension [25] . In a study of explanted hearts from patients undergoing cardiac transplantation for left heart failure there was significant alterations in the action potential, ion channel expression, calcium handling proteins expression and cell:cell coupling within the right ventricle [26] . This raises the possibility that the development of pulmonary hypertension secondary to left heart disease could cause remodelling within the right ventricle with a subsequent increase in the risk of ventricular arrhythmias.
When patients with PAH develop an arrhythmia it is often poorly tolerated and leads to a deterioration in functional class, right ventricular failure and hospital admission. This may be due to a combination of factors including the loss of atrial contraction, the loss of atrioventricular synchrony and uncontrolled heart rates; all of which can reduce the cardiac output [7] [8] [9] . As well as an immediate clinical deterioration the presence of an arrhythmia is an independent predictor of mortality in PAH [9, 11, 12, 27] . There is an intriguing paradox in the observation that patients with pulmonary hypertension due to congenital heart disease and PAH have a better prognosis than other patients with PAH and comparable pulmonary artery pressures despite a similar prevalence and severity of arrhythmias. Epidemiological studies suggest that patients with PAH secondary to congenital heart disease maintain sinus rhythm for a longer period before arrhythmias are seen [12] . Given the multiple possible substrates for arrhythmia in the PAH-CHD cohort this is surprising and the protective mechanisms underlying this relative protection from arrhythmias are unclear.
The development of an arrhythmia portends a significantly haemodynamic compromise and increased mortality for all patients with PAH regardless of aetiology [9, 11, 12, 27] . If sinus rhythm can be restored and maintained in PAH patients with an arrhythmia the prognosis returns to that expected for those patients that have never had an arrhythmia [9, 10] . These findings point to the importance of a clinical strategy designed to prevent arrhythmias and restore sinus rhythm in those patients who have developed arrhythmias [7] [8] [9] .
With regards to the prevention of arrhythmias there is no data to show that using any individual advanced therapy for PAH reduces the risk of arrhythmia but some limited data to suggest that using a combination of advanced therapies may reduce the risk of developing an arrhythmia [9] . There is no data to suggest the use of advanced PAH therapies to treat arrhythmias once they have developed.
Descriptions of strategies employed to restore sinus rhythm point to the need for aggressive treatments with a combination of medical therapy, cardioversion and invasive ablation procedures. The most common medication used is amiodarone although the use of a variety of other antiarrythmics including beta blockers, verapamil, digoxin, sotalol, dronaderone and flecainide has been described [7] [8] [9] [10] . In the general population amiodarone is recognised as the most effective anti-arrhythmic medication across a range of clinical scenarios, it also benefits from having only a minimal negatively inotropic effect. Despite this the use of amiodarone is often limited by the high frequency of side effects and adverse reactions including thyroid, lung, liver and skin problems [28] . There are no randomised controlled trials to guide the choice of medications used within the PAH population but given the clinical significance of arrhythmias described above it seems very reasonable that amiodarone continues to be the mainstay of arrhythmic drug therapy until newer more effective therapies can be developed. If anti-arrhythmic therapy alone is not able to restore sinus rhythm it can be combined with electrical DC cardioversion. This is often successful in restoring sinus rhythm acutely but with high rates of recurrence of arrhythmias [7] [8] [9] .
As described above atrial flutter is disproportionately more common in patients with PAH and electrophysiological studies have demonstrated that this atrial flutter is frequently 'typical' , i.e. related to a well described reentrant circuit in the right atrium. This circuit is dependent on conduction across an isthmus of tissue between the tricuspid valve and inferior vena cava which can be safely and easily ablated with radiofrequecy catheter ablation [29] . This treatment is highly effective in the general population and studies in PAH patients have also shown high rates of success with a 100% acute success rate and approximately 75% long term success rate [7, 8, 21, 30] .
Patients in whom PAH is associated with congenital heart disease represent a particular challenge with respect to arrhythmias. The combination of the underlying structural defects and subsequent operations creates a myriad of different substrates which may be associated with arrhythmia generation, particularly macro-reentrant flutter circuits leaving these patients vulnerable to both typical 'isthmus-dependent' flutter and atypical atrial flutter circuits [31] . There is limited data to point to which types of flutter are more common in the PAH associated with congenital heart disease population. The ECG cannot be used to reliably diagnose 'typical' versus 'atypical' flutter as the ECG in patients with PAH associated with congenital heart disease may show a longer flutter cycle length and abnormal flutter wave morphology despite the rhythm being demonstrated to be 'typical' isthmus-dependent flutter on invasive electrophysiological testing [31] . In the two patients with PAH associated with congenital heart disease described in the literature who have undergone electrophysiological testing [31] the flutter circuits have been demonstrated to by typical 'isthmus-dependent' flutter and in each case was successfully treated with catheter ablation [31] .
Similarly to atrial flutter, catheter ablation in AVNRT is focussed on structures located within the right atrium with the aim to disrupt conduction in the slow pathway of the atrioventricular node. The inferior nodal extension, which lies along the tricuspid annulus below the His bundle and in front of the coronary sinus, is thought to be the anatomical correlate of the slow pathway [32] . Disruption of the slow pathway is effective in abolishing AVNRT in the general population and although the data is limited it has been similarly effective when used in PAH patients, albeit that the results are only reported for very small numbers [8] .
Ablation based strategies are also increasingly used to achieve and maintain sinus rhythm for AF in the general population. The paradigm for these treatments is to electrically isolate the four pulmonary veins from the left atrium because the pulmonary veins have been shown be the site where rapid ectopic beats often originate which is often the trigger for AF in the general population [33] . Further ablation may also be applied to other regions within the left atrium that can act as the substrate for both the initiation and maintenance of AF [33] . In contrast to extensive left atrial ablation there is a reduced focus on the right atrium in AF ablation within the general population. Where ablation is performed in the right atrium the creation of a line across the tricuspid isthmus as described above for atrial flutter is the most common ablation performed [33] .
There is limited data behind the mechanisms of the increased rates of atrial fibrillation seen in PAH but it seems likely that the slowing of conduction and increased right atrial size described above are important factors; conversely it is hard to envisage a dominant role for pulmonary vein ectopics in the increased rates of AF seen in the PAH population given the relative preservation of left heart function [10] . In this context the ablation procedures performed for AF in the general population with their focus on pulmonary vein isolation may not be appropriate in the PAH population and there are no reported studies of any ablation procedures being performed for AF in patients with PAH [10] .
Whichever strategy is employed in AF there is a higher failure to restore sinus rhythm than in either atrial flutter or AVNRT [10] . This may be due to the absence of an effective ablation strategy, but it may also be that the development of AF is a marker or more severe remodelling in the right atrium suggesting a more advanced underlying disease process. Regardless of the reasons, failure to restore sinus rhythm in AF is associated with a high mortality [8] .
Conclusions
Overall there are considerable gaps in our knowledge of arrhythmias in PAH in terms of both pathogenesis and optimal management strategy. The mainstay of medical therapy consists of a combination of amiodarone and DC cardioversion. Catheter ablation is effective in restoring and maintaining sinus rhythm in both atrial flutter and AVNRT and may at present be under used. Atrial fibrillation represents a considerable clinical challenge with limited therapeutic options, a high risk of recurrence and an adverse prognosis.
